Background: The routine use of brain natriuretic peptide (BNP) in pediatric cardiac surgery remains controversial. Our aim was to test whether BNP adds information to predict risk in pediatric cardiac surgery. Methods: In all, 587 children undergoing cardiac surgery (median age 6.3 months; 1.2-35.9 months) were prospectively enrolled at a single institution. BNP was measured pre-operatively, on every post-operative day in the intensive care unit, and before discharge. The primary outcome was major complications and length ventilator stay > 15 days. A first risk prediction model was fitted using Cox proportional hazards model with age, body surface area and Aristotle score as continuous predictors. A second model was built adding cardiopulmonary bypass time and arterial lactate at the end of operation to the first model. Then, peak postoperative log-BNP was added to both models. Analysis
Introduction
B-type natriuretic peptides are considered the first-line biomarkers for adult patients with acute or chronic heart failure according to the most recent international guidelines [1] . The interest in brain natriuretic peptide (BNP) has also progressively increased for pediatric patients undergoing cardiac surgery [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Several studies have indicated that in children undergoing surgery for congenital heart disease (CHD), BNP levels (especially those measured preoperatively) are independently associated with markers of outcome including the duration of mechanical ventilation, intensive care unit (ICU) stay, need for inotropic support, and low cardiac output syndrome [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, the clinical efficacy and benefits of BNP use in children remains controversial owing to the limited number of studies with high statistical power [17] . As a result, although several studies have suggested the use of BNP, currently no definitive indications or recommendations exist regarding its routine use as a diagnostic and prognostic marker in children with CHD undergoing cardiac surgery [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
According to the latest guidelines [18] [19] [20] , the evaluation of the diagnostic and/or prognostic accuracy of a biomarker is only an early step to prove its clinical efficiency and effectiveness. Criteria for assessing the clinical relevance and cost effectiveness of cardiovascular risk biomarkers have recently been revised [18] [19] [20] . These criteria indicate a multi-step analysis, requiring a specific statistical approach [18] [19] [20] , which has never been adopted in studies evaluating the use of biomarkers in pediatric cardiac surgery. Accordingly, a statistically significant association between a specific biomarker and the outcome, even in a multivariable model, is not sufficient to prove its predictive value [18] [19] [20] . Indeed, it is necessary to demonstrate that the novel biomarker provides additional prognostic information, beyond that provided by established cardiac risk factors. This evidence is usually provided by means of discrimination, calibration, and reclassification tests in a sound research design [18] [19] [20] . Therefore, the aim of this work is to evaluate whether the use of BNP may add information to risk prediction of children undergoing surgery for CHD, beyond that provided by established cardiac risk factors.
Materials and methods

Study protocol
All children undergoing corrective or palliative CHD surgery between July 2009 and December 2013 at the Department of Pediatric Cardiac Surgery were prospectively enrolled. Children previously palliated (including shunts, pulmonary artery banding, Norwood stage 1 procedure, cavo-pulmonary palliation) were included, while patients undergoing redo surgery were excluded.
Pre-operative demographic and clinical parameters including age, gender, weight, height, and body surface area (BSA), and biochemical characteristics were recorded. In addition, cardiopulmonary bypass (CPB) time for each patient was documented. Informed written consent was obtained from the parents of all patients enrolled in the study. The Institutional Review Board and Ethics Committee approved the study protocol.
Blood samples
Samples of plasma for the BNP assay were collected pre-and postoperatively (at 12, 36, 60, 84, 108 h after surgery and thereafter every day during the ICU stay, and up until discharge). In order to reduce the blood volume per patient, BNP values were measured using the residuals of specimens needed for the standard clinical practice, and so no additional samples were collected. Plasma BNP levels were measured using the fully automated Access platform (Triage BNP reagents, Access Immunoassay Systems, REF 98200, Beckman Coulter, Inc., Fullerton, CA, USA). The characteristics and performance of the Access Immunoassay method were previously evaluated in our laboratory [21] . Arterial blood gases and arterial lactate were measured for each sample using a fully automated assay (ABL 700 series Radiometer, Copenhagen, Denmark) at the time of conclusion of surgery.
Surgical and medical management
The pre-operative anesthesia approach, intra-operative CPB strategy, and post-operative ICU management followed standard institutional practice as described in previously published studies [10, [14] [15] [16] [17] . Non-iodinated topical antiseptics were used for every patient. A standard technique was used to institute CPB (roller pump, disposable membrane oxygenator and arterial filter) and involved bicaval drainage and ascending aorta perfusion. Different myocardial protection approaches (anterograde cold crystalloid or blood cardioplegia) and degrees of body cooling were used (ranging from 19 °C to 35 °C), depending on the surgical strategy. In the post-operative period, hemodynamic management consisted of epinephrine (0.005-0.15 μg/kg/min), milrinone (0.5-0.75 μg/kg/min), dopamine (5-20 μg/kg/ min), and noradrenaline (0.05-0.5 μg/kg/min). Intravascular volume expansion was utilized as needed and consisted of 20% human albumin or fresh frozen plasma. Diuretic management usually involved furosemide (1-10 mg/kg/day). Echocardiographic evaluation was performed at every hormonal blood sample interval according to current guidelines [22] .
Outcome and variables definitions
According to the current recommendations [23] , major complication is defined as 1) operative mortality; or 2) any one or more of the following occurring within 30 post-operative days including: a) renal failure, b) neurological deficit, c) arrhythmia necessitating pacemaker, d) extra-corporeal membrane oxygenation/ventricular assist device, e) paralyzed diaphragm, f) unplanned operation.
The surgical procedures were classified according to the Aristotle risk adjustment score, which evaluates and ranks the complexity of 145 corrective and palliative surgical procedures for CHD [24] [25] [26] . Primary outcomes were major complications and ventilator days over 15 days. Extubated patients (i.e., without major complications) within 15 days after surgery were censored.
Statistical analysis
Continuous variables are summarized as median and interquartile range, and categorical variables as counts and percentages. Non-normally distributed variables were log-transformed when appropriate. Comparison between groups was performed using Mann-Whitney U-test or χ 2 -test.
BNP values versus clinical outcomes
Both pre-and post-operative BNP values were significantly correlated with BSA, Aristotle score, and with outcome parameters, including duration of intubation, inotropic administration, and length of stay in the ICU (Table 2) . Furthermore, a significant association between BNP values before and after surgery was found (ρ= 0.69, p < 0.001). Post-surgery BNP also significantly correlated with ejection fraction (p < 0.05).
BNP values over time were evaluated using Friedman test followed by Wilcoxon test with Bonferroni correction for post-hoc comparisons. Spearman's rho correlation test was used to analyze the statistical association between pre-and post-surgery values and markers of outcome [27] .
The prognostic value of BNP (using log-transformed values) was assessed by investigating the capacity to ameliorate the prediction of outcome in two sets of Cox proportional hazards analyses: 1) A prediction model with traditional risk factors [23, 24] including age, Aristotle score and BSA as continuous predictors; 2) a second risk prediction model was built, adding to the first model two operative parameters, CPB time and arterial lactate values at the end of operative time, commonly used for the risk stratification in pediatric cardiac surgery [28, 29] . To test the prognostic value of BNP, pre-and post-operative BNP values were added to both models. The proportional hazards assumptions of all Cox proportional hazards analyses were assessed with Schoenfeld's tests, if relevant violations were observed we used flexible parametric survival models developed by Royston and Parmar [30] . In order to test the discriminative ability of BNP, the area under the curve by receiver operating characteristics (ROC) analysis was evaluated and compared using the DeLong method [31] . The net reclassification improvement (NRI) [32] was used to assess the proportion of individuals reclassified correctly by the addition of BNP, and the likelihood ratio (LR) test was used to assess improvement in model fit from addition of BNP (model fit). The Harrell C statistic (only for Cox model) was used to assess the proportion of concordance between predicted and observed events in order to evaluate the calibration. Internal validation of the model was made with the cross-validation method with two groups of omitted observations using regression modelling strategies by Frank E. Harrell Jr [33] . The NRI was calculated based on reclassification across tertiles of risk categories yielded by new models in comparison with the reference model. A p-value < 0.05 was considered statistically significant. Statistical analyses were performed using Stata 10 (StataCorp, College Station, TX, USA) and R 3.1.2 software.
Results
Study patients
The study population included 587 children (318 males and 269 females), who underwent CHD surgery. The median age was 6.3 months (1.2-35.9). Pre-operative demographic, clinical, biochemical parameters and post-surgery details for all study patients are listed in Table 1 .
BNP post-surgical levels
BNP values increased progressively after surgery peaking at a mean of 63.65 h (median 36 h, inter-quartile range 12-84 h) post-operatively (p < 0.001) and then progressively decreased. However, at discharge (median 228 h, interquartile range 132-396 h post-surgery) BNP values were still significantly different from baseline (p < 0.001) (Figure 1 ). 
BNP in different CHD
Significant differences (p < 0.001) were found among all different CHD groups in BNP values pre-and post-operatively, with higher BNP values in complex CHD (i.e., transposition of the great arteries, univentricular heart) ( Figure 2A and B).
Prediction model with traditional risk factors
The prediction model including the traditional risk factors including age, Aristotle score and BSA was fitted using Cox proportional hazards model. Relevant violations were observed in the proportional hazards assumptions (p = 0.005); so for the following analysis flexible parametric survival models were used, because this starting model must be nested in the finals models. The hazard ratios and observed statistical significance levels for all predictors of this model are displayed in Table 3 . Bold horizontal line = median; box = interquartile range. *p < 0.001 for differences with pre-surgery levels. (Table 4) . Therefore, the end-operative arterial serum lactate was included in the second risk model as a predictive variable.
Evaluation of the incremental effect of BNP
Pre-operative BNP levels showed no statistical incremental effects in calibration, discrimination and reclassification tests. On the contrary BNP peak values (log-transformed) showed significant incremental effects. Two other models were carried out: in the first, BNP peak values were added as continuous predictors to the previous model with traditional risk factors; in the second, both end-operative arterial lactate and BNP peak values were added as continuous predictors. In both models hazard ratios for BNP peak values were highly significant (respectively HR = 1.40, p = 0.006; HR = 1.44, p = 0.008), and the log-likelihood improved with the addition of BNP to the prediction model with traditional risk factors (p = 0.006, p = 0.009, respectively). The ROC curves for the model with traditional risk factors, without and with BNP peak values, are presented in Figure 3 . BNP peak values significantly (p < 0.001) modified the ROC analysis (Table 4) . Reclassification data for subjects with and without events are summarized in Table 5 . In particular, significant (p < 0.001) net gain in reclassification proportion of 0.074 was observed in the model including the BNP peak values for subjects, who did not experience an event (with 46 individuals reclassified classification for a net of 7% of individuals with nonevents, with no net loss for events. The NRI including BNP peak values to the second model was estimated to be 0.139 (p = 0.003) ( Table 4 ). The Supplemental Figure 1 (that accompanies the article at http://www.degruyter.com/view/j/cclm.2015.53. issue-11/cclm-2014-1084/cclm-2014-1084.xml?format=INT) shows the internal validation of the model. Results of the calibration plot demonstrated a good concordance between predicted and observed events. Furthermore the model with BNP also showed a good discrimination ( Harrell's c = 0.834) ( Table 4) .
Discussion
Several studies have demonstrated independent associations of both pre-and post-operative BNP values with indices of outcome in children undergoing surgery for CHD [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, adequate evaluation of a novel risk marker requires a sound research design, a representative at-risk population, and an adequate number of outcome events, as recommended by international guidelines [20] . Studies of a novel marker should report the degree to which it adds to the prognostic information provided by standard risk markers. In general, a novel risk biomarker should be evaluated in several phases, including specific statistical tests to assess marker ability in discrimination, calibration and reclassification of data sets [20] . The experimental protocol of the present study was designed to test the prognostic value of BNP in pediatric cardiac surgery in accordance with these criteria, as recommended by international guidelines [19] [20] [21] . In particular, our data indicates that the addition of BNP to a multivariate model, including conventional predictive variables (i.e., age, BSA, Aristotle score, CPB time) [24, 25] , significantly improves the risk stratification in children undergoing CHD surgery.
In the present study, two risk prediction models were tested. The first model included few conventional risk factors (i.e., age, BSA, and Aristotle score) [23, 24] , while the second one considered two additional parameters (CPB time and end-operative arterial lactate values). These operative parameters have recently been regarded as the best predictors of outcome in children undergoing cardiac surgery [28, 29] . BNP, expressed as the peak value after surgery, showed an incremental improvement in the information of all risk prediction models (Table 4) . It is noteworthy that the incremental contribution of BNP in explaining the variability of multivariate regression models was found to be higher than those of CPB time and end-operative arterial lactate values (i.e., the two most important clinical parameters). From a clinical point of view, it is important to consider that peak of BNP values occurs at different times at various ages, being on average at 60 h post-surgery. Thus, repeated measurement of BNP values in the post-operative period are advised in order to get the real peak.
Risk management includes the identification, assessment, and prioritization of risk [34, 35] . Stratification of risk helps to select those individuals needing more intensive interventions [34] [35] [36] [37] . Accurate risk assessment should drive allocation of clinical resources, promote preventive therapies and/or more intensive post-surgery management, aiming to ameliorate patient outcome and finally reduce costs [34] [35] [36] [37] . It is therefore plausible that the routine use of BNP assay, by improving risk prediction, may help the clinician to better manage pediatric patients undergoing cardiac surgery, potentially improving outcome [38] . However, randomized clinical trials are needed to definitively demonstrate the cost effectiveness of BNP assay in the management of children with CHD.
Strengths and limitations
This study has several strengths. We used a prospective cohort design and a rigorous protocol to collect specimens. This study represents the largest cohort of children undergoing cardiac surgery for CHD reported so far with inclusion of all major groups of CHD. The study does have some limitations. First, the total number of subjects is relatively low compared to large trials performed in adults. Studies with a larger number of children are recommended in order to differentiate among the specific forms of CHD and age groups. Furthermore further studies on redo-surgery patients that have been excluded from our initial protocol may be also helpful.
Second, blood samples for research purposes were reduced for ethical reasons. Consequently, the number of blood determinations were limited, although much higher than those of previously published studies. The difficulty in performing blood samples in children, especially neonates need to be considered. The evaluation of peak values implies the need for multiple BNP measurements at various times. Finally, from a statistical point of view, even though the NRI results are convincing, caution needs to be exercised in their interpretation because of being dependent on the rather arbitrary choice of categories.
Conclusions
Our study demonstrated for the first time that BNP, expressed as peak after surgery, shows an independent and incremental prognostic value in multivariable models including conventional risk factors such as age, BSA, Aristotle score, CPB time and end-operative arterial lactate values. Our study may be considered as groundwork for the design of pediatric-specific randomized clinical trial, which is needed to definitively demonstrate the cost effectiveness of BNP assay in the management of children with CHD.
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